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Effects of Recreational Scuba Diving on Caribbean 
Coral and Fish Communities 
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?Marine & Coastal Resource Management, The Bottom, Saba, Netherlands Antilles 
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Abstract: Scuba diving on coral reefs is an  increasingly lucrative element of touristn in the tropics, but divers 
can damage the reefs on which touristn depends. By studying the effects of diving we can determine what 
level of use is justifable in balancing objectives of economicgain and conservation. Off the Caribbean island 
of Bonaire we compared coral and fish communities between undived reserves and environtnentally similar 
dive sites where maximum use reached 6000 dives per site per year. At these levels of diving, direct physical 
damage to reefs was relatively minor. There were more loose fragtnents of living coral in dive sites than re- 
serves and more abraded coral in /nigh- than low-use areas. Diving Inad no significant effect on  reef fish com- 
munities. Between 1991 and 1994, diving intensity increased 70% and coral cover declined in two of three 
dive sites and in all three reserves, suggesting a background stress unrelated to tourism. There was a signif- 
cant decline in t/neproportion of old colonies of tnassive coral species within dive sites (19.2% loss), compared 
to a smaller loss in reserves (6 7%).Branching corals increased by 8.2% in dive sites, compared with 2.2% in 
reserves. Despite close management of reefs, diving is changing the clnaracter of Bonaire's reefs by allowing 
branching corals to increase at the expense of large, massive colonies. The impact of background stresses on 
massive corals seems to have been greater in the presence of diving. Ot/ner studies /nave linked disease infec- 
tion to coral tissue damage, and the higher rates of abrasion we recorded in  dived sites could have rendered 
corals there more susceptible to disease, thus mediating the decline of f?zassive corals. Our study shows that 
even relatively low levels of diving can have pronounced effects manifested in shz~'ts in  dominance patterns 
mt/ner than loss of overall coral cover. Bonaire's reefs have among the /nighest coral cover and greatest repre- 
sentation of ancient coral colonies of reefs anywbere in the Caribbean. Conserving the character of these reefs 
may require tighter controls on diving intensity. 

Efectos del Buceo Recreacional en Comunidades de Coral y Peces del Caribe 

Resumen: El buceo con tanques en arrecffes de coral es un  elemento crecientemente lucrative del turismo en 
10s tropicos; sin embargo, 10s bz~zos pueden dafiar 10s arrefices de 10s cuales el turismo depetzde. A1 estudiar 
10s efectos del buceo podemos determitzar que tzivel de uso es justzyicaab a1 balatzcear objetivos ecotzotnicos y 
de cotzservaci0n. En las afueras de la isla Caribetxa de Bonaire comparamos comundades de corales ypeces 
entre reservas sin buceo y sitios ambientalmente sitnilares con buceo y en 10s cuales el uso maximo alcatzza 
10s 6,000 buceadaspor sitio por ario. A estos niveles de buceo, el datlio fisico a 10s arrecifes file relativamente 
bajo. Existieron nzhs fmgmentos sueltos de coral vivo en sitios de buceo que en Ins reservas y mas coral le- 
sionado en areas de mucbo uso que en Ins de poco uso. El buceo no tz~vo u n  efecto signzyicativo en las com- 
mutzidades depeces de arrecffe. Entre 1991 y 1994 la intensidad del buceo se increment0 un  70%31 la cober- 
turn de coral disminuyo en dos de 10s tres sitios de buceo asi conzo en Ins tres reservas, sz~giriendo u n  estres de 
fondo no relacionado con el turismo. Existi6 un  declive sigtzzyicativo en laproporci6n de colonias viejas de es- 
pecies masivas de coral detztro de 10s sitios de buceo (perdida de 19.2%) cotnparado con unaperdida menor 
en las reserzjas (6  7%).Los cornles de ratnas se incrementaron en un 8.2% en sitios de buceo compnrado con 
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un  2.2%etz Ins reservas. Apesar del tnnnejo estricto de 10s nrrecqes, el buceo esta catnbiatzdo el cardcter de 10s 
arrecqes de Bonaire alpermitir el itzcremento de 10s cornles de rntnas a expensas de las colonias mnsivas. El 
itnpacto del estrk de fondo en 10s cornles masivos aparentemetzte ha sido mayor en presencia del buceo. 
Otros estudios hatz relacionado etzfernzedades infecciosas al dafio del tejido del coral y las tasas de abrasion 
altas que estimamos etz 10s sitios de bticeo podrfan ocasionar que los corales senn mds susceptibles a enfer- 
rnedades y por lo tanto mediando la distninucidn de corales masivos. Nuestro estudio muestra que nun 10s 
niveles bnjos de buceo puedetz tener efectosprotzztncindos, matzifestndos en forma de sesgo en lospatrones de 
dominancia en lugar de unn pkrdida general de la cobertura del coral. Los arrecqes de Bonnire tienen Ins 
cobertz~ras mds altas de coral y la mayor represetztacidtz de colonias atzcestrnles de arreczyes que en cunlquier 
lugar del Caribe. La cotzservncidn de las cnracteristicas de estos nrrecqes requiera de controles nun mas estric- 
tos sobre la intensidad del buceo. 

Introduction 

Coral reefs are among the most diverse and spectacular 
of marine ecosystems. They occur predominantly in the 
waters of tropical, developing countries and provide a 
vital source of food and income for millions of people 
(Munro 1996). Although the gross primary production 
by reefs is enormous, net fishable productivity is limited, 
and there is now widespread evidence of adverse eco- 
system-level consequences of intensive overfishing (Roberts 
1995; Polunin & Roberts 1996). 

There is an urgent need to find income-generating al- 
ternatives to extractive use of coral reef resources (Bir- 
keland 1997). Tourism is perceived as the alternative 
with potential to provide the greatest revenues (Cesar 
1996; Vogt 1996; Hodgson 1997). It brings economic 
benefits to local communities and may help protect 
reefs by providing an incentive to conserve them. Many 
studies have shown, however, that tourism causes signif- 
icant damage to reefs (Salvat 1987; Roberts & Harriott 
1994; Prior et al. 1995; Rouphael & Inglis 1995; Allison 
1996; Harriott et al. 1997; Medio et al. 1997; N. Chad-
wick-Furman, unpublished data). To ensure long-term vi- 
ability, it is important that tourist use is kept below dam- 
aging levels, but few studies have provided guidance on 
sustainable reef capacity (but see Hawkins & Roberts 
1992a, 1994, 1997; Dixon et al. 1993). We examined 
how one of the most popular manifestations of coral 
reef tourism, scuba diving, has affected reefs of the Car- 
ibbean island of Bonaire. Our findings shed new light on 
the question of how to balance conservation and eco- 
nomic development of reef resources. 

In terms of coral cover, biodiversity, and fish commu- 
nities, Bonaire has some of the best coral reefs remain- 
ing in the Caribbean (Ginsburg 1994). With tourism a 
mainstay of the island's economy, recreational divers 
form a majority of the visitors and contributed approxi- 
mately $32 million in revenues in 1991 (Dixon et al. 
1993). The people of Bonaire are aware of the value of 
their reefs and, recognizing potential threats from tour- 
ism and development, established the Bonaire Marine 

Park in the early 1980s (Fallon Scura & van't Hof 1993). 
Management of the park is achieved through a combina- 
tion of user regulations, such as a prohibition on 
spearfishing, and zoning of activities. Damage caused by 
boat anchors was identified as a key threat, so mooring 
buoys were established at all dive sites when the park 
was established (van't Hof 1983). The park is supported 
by user fees levied on recreational divers (Dixon et al. 
1994), and wardens patrol daily to ensure compliance 
with regulations. 

In 1991, when the reef was faced with a rapidly in- 
creasing number of divers, the World Bank commis- 
sioned a study to examine how diving was affecting the 
island's reefs (Dixon et al. 1993; Fallon Scura & van't Hof 
1993). The study concluded that sites had a carrying ca- 
pacity of between 4000 and 6000 dives per year and that 
increases in diving intensity above this level could result 
in unacceptable damage to reefs. By 1994 diving inten- 
sity had increased to the point where some areas were 
being dived close to 6000 times per year. 

Effects on fish communities are especially interesting 
given that, under the supervision of dive guides, divers 
are allowed to feed fish in Bonaire. There has been 
much controversy over but little study of whether or not 
this activity is harmful. In some marine parks it has al- 
ready been banned (e.g., Saba Marine Park in Nether- 
lands Antilles and Ras Mohammed Marine Park in Egypt). 
Feeding fish might alter the natural composition of the 
reef community, adversely affecting certain fish popula- 
tions while favoring others, notably predatory species 
such as snappers and moray eels (Sweatman 1996). Indi- 
rectly, it might even affect corals and other invertebrate 
communities, but Sweatman's (1996) study of the ef- 
fects of tourist pontoons on Great Barrier Reef fish and 
coral communities suggested that this was not the case. 
Feeding may also make fish behave aggressively toward 
divers, attacking them in anticipation of food. People in 
favor of feeding fish argue that it is a popular attraction 
that can be used to concentrate diver activity away from 
more vulnerable areas of reef. At the time of the study, 
fish in Bonaire were regularly fed by dive guides, and or- 
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ganized tours were available specifically for the purpose 
of feeding and touching fish. 

To determine the effects of diving on coral and fish 
communities, we compared heavily used areas of dive 
sites with less-well-used areas close by. We compared 
dive sites and environmentally similar nondived re-
serves. In addition, we repeated the 1991 survey of 
Dixon et al. (1993) to evaluate changes in reef communi- 
ties attributable to diving. 

Methods 

Site Descriptions 

We used the same sites used by Dixon et al. (1993): 
three popular diving sites located off Klein Bonaire and 
three reserve sites (Fig. 1). The dive sites were well off- 
shore, and reserve sites were located off the island's 
little-developed north shore. Hence, none of the study 
sites were subject to direct impacts from pollution or 
land-based development (although an oil transhipment 
facility lies close to one of the reserves). The dive sites 
included two of the most heavily used in Bonaire, Jerry's 
Jam and Carl's Hill, and a third moderately used site, For- 
est. Jerry's Jam and Carl's Hill received 5101 and 5074 
dives respectively in 1993, whereas Forest was dived 
3850 times. The reserve sites were Slagbaai, Boca 
Caiion, and Karpata, which apart from a few violations 
prior to 1992 have been closed to diving since the park 
was established. They were originally selected so that 
each reserve site corresponded to a particular dive site 
in terms of similar location, exposure to waves, and reef 
stn~cture (Fig. I), and these paired comparisons with 
dive sites were intended to be used in monitoring stud- 
ies (Fallon Scura & van't Hof 1993). Artisanal fishing is 
permitted in both dive sites and reserves, but levels are 
low, particularly in the dive sites. 

All sites share a similar topography. The shallow zone 
slopes gently to a reef edge, approximately 10 m deep, 
after which the reef slopes more steeply, merging into a 
sandy seabed at approximately 40-45 m. At dive sites, 
mooring buoys are set at a depth between 5 and 8 m. 

Effects of Diving on Coral Communities 

Comparisons were made between areas of high versus 
low diver use at each of the three dive sites. Divers tend 
to follow the reef in either direction from the mooring 
buoy, typically swimming out more deeply and return- 
ing in shallower water. In general, a greater proportion 
of their dive is spent in the vicinity of the mooring buoy 
because divers descend and ascend there. Hence, mea- 
sures of diving intensity were based on distance from 
the mooring buoy, with high-use areas designated 5-25 
n~ away and low-use areas 80-100 m away. For high-use 

Reserves 

Klein Bonaire 

@-0 Carl's Hill - Boca CaRon < 
r-vForest - Karpata I 5  
H-• Jerry's Jam - Slagbaai I \ 

Extent of development in 1994 v 

Figure 1. Map of B0naif.e showingposition of dive 
sites studied (filled symbols) and ecologically similar 
paired reserve sites (open symbols). The arrow on the 
inset map indicates the location of Bonaire in the Car- 
ibbean. 

areas, sampling began 5 m from the mooring to avoid ar- 
eas of localized damage caused by dragging moorings. 
Coral communities were sampled along a tape tneasure 
laid along the top of the reef slope at a depth of 10 m. 
Within each level of diving intensity, 30, 1-m2 quadrats 
were sampled randomly from within a 20 X 10 m block 
centered around the tape measure. 

For the reserve sites, locations sampled corresponded 
exactly to those described by Dhon et al. (1993). At the 
point of entry, the tape measure was attached to the reef 
edge at a depth of approximately 10 m and unwound for 
20 m following this depth contour. Only one area was 
sampled in each of the reserve sites, and a total of 30 
quadrats was sampled at each. 

The following variables relating to hard (scleractinian) 
corals and Millepora species (a stony hydrozoan coral) 
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were then recorded: numbers of (1) exposed colonies 
(i.e., those not concealed in crevices or under over-
hangs), (2) species, (3) broken colonies, (4) abraded col- 
onies, (5) loose fragments of living coral, (6) living frag- 
ments reattached to the substratum, and (7) partially 
dead colonies. The total percent cover of hard corals 
and branching corals was also estitnated. 

To repeat Dixon et al.'s study, we took photographs 
of 1-m2 quadrats at 3-m intervals along the 10-m depth 
contour, for a distance of 110 m at all study sites. We ex- 
tended Dixon et al.'s survey by taking a further series of 
photographs between 200 m and 300 m from each div- 
ing buoy. To analyze the effect of usage (dived areas ver- 
sus reserves), we compared the first 15 photographs 
taken at each of the reserve sites and dive sites (corre- 
sponding to high-use areas at dive sites). To assess the ef- 
fects of diving within sites, we used distance as a proxy 
for diving pressure and compared the first 15 photo- 
graphs (5-47 tn away from the dive buoy), correspond- 
ing to the highest levels of diver pressure, with a series 
of 15 photographs at middle (80-122 m) and far (225- 
267 m) distances from the mooring buoy to assess the ef- 
fects of medium and low levels of diving intensity. 

Photographic slides were later projected onto sheets 
of paper, and different scleractinian corals plus Mille-
poya visible were identified to species and traced onto 
the paper to delineate colony areas. From these paper 
sketches, Sigma-Scan@ software was used with a Sum- 
masketch I1 digitizing tablet to obtain the percentage of 
live coral cover and the percent cover of branching and 
massive corals. From the photographs, we noted species 
richness (number of species) for each quadrat and spe- 
cies and calculated diversity using the Shannon-Weiner 
index, H'. 

The effects of diving activity (high versus low use) and 
site on the variables measured underwater and from the 
photographs were analyzed by two-way analysis of vari- 
ance (ANOVA) and analysis of covariance (ANCOVA). A 
three-way ANOVA was performed on data derived from 
our photographs and those taken by Dixon et al. in 1991 
to assess changes over time. Because among-site differ- 
ences in coral cotntnunities could affect levels of dam- 
age independently of diving pressure (sites differ in sus- 
ceptibility to damage), ANCOVAs were performed to 
isolate diver effects from such site effects. For numbers 
of species, abraded coral colonies, and partially dead 
coral colonies, the total number of colonies present was 
used as the covariate. For numbers of broken corals, 
loose fragments of live coral, and fragments reattached 
to the substratum, percent cover of branching coral was 
the covariate. We did this because previous studies have 
shown that branching corals are the most vulnerable to 
breakage atld generate many fragments capable of reat- 
taching to the reef (Highsmith 1982; Liddle & Kay 1987; 
Hawkins & Roberts 1993). 

All variables were tested for normality and equality of 
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variance prior to analyses. Percentage values for coral- 
cover data were arcsine-square-root-transformed, and 
numbers of broken coral colonies, loose fragments of 
live coral, and colonies reattached to the substratum 
were square-root-transformed before analyses. 

Effects of Diving on Fish Communities 

Fish communities were sampled at the same sites as 
coral hopulations but at two depths, 5 m and 15 tn. 
Within the three dived sites, three counts were made at 
each depth at high- and low-use areas, that is at distances 
of 5-25 m and 80-100 m from the mooring buoy, re- 
spectively. Within each of the three reserves, six counts 
were made at each depth. 

Fish communities were sampled by the stationary 
point-count method developed by Bohnsack and Ban- 
nerot (1986). At each point sampled, a 10-m-long tape 
measure was placed onto the reef to delineate an imagi- 
nary cylinder with a 5-tn radius, extending upward 
above the reef for a distance of 5 m. All fishes observed 
within or passing through this cylinder were counted 
for 15 minutes. The lengths of all individuals of commer- 
cially important species were estimated visually to the 
nearest centimeter. This enabled later calculation of the 
weight (biomass) of fishes present in the counted area 
by means of length-weight relationships for the species 
observed (Bohnsack & Harper 1988). Previous studies 
have shown that this method provides accurate esti-
mates of numbers and biomass of fishes present (Polu- 
nin & Roberts 1993). 

To characterize the habitat at each point sampled (an 
area of 78 m2), we visually estimated percent cover of 
the dominant components of reef substrata, including 
hard corals, gorgonians, sponges, turf algae, and so 
forth. In addition, we estimated the structural complex- 
ity of the substratum, which is known to have an impor- 
tant influence on fish community structure (e.g., Rob- 
erts & Ormond 1987), on a six-point scale: 0, no vertical 
relief; 1, low and sparse relief; 2, low but widespread re- 
lief; 3, moderately complex; 4,very cotnplex with nu- 
merous caves and fissures, and 5, exceptionally complex 
with high coral cover and numerous caves and over-
hangs. Structural complexity was used as a covariate in 
ANCOVAs of fish numbers and biomass. 

Comparisons of the effects of diving on fish communi- 
ties were made by ANOVA. Three-factor ANOVAs were 
used to compare populations at diving sites (factors 
were site, depth, and use) and between diving sites and 
reserve areas. For coral community analyses, sites were 
divided into three groups, each containing a dive site 
and a paired control reserve site. Factors included in the 
ANOVA were group, depth, and diving level (dived ver- 
sus reserve). Substratutn composition at the different 
sites was analyzed by the same method. 
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JJ-S CH-BC F-K 

Group 
Figure 2. Comparison of total percent coral cover be- 
tween high-use areas of dive sites (filled circles) and 
reserves (open circles) (JJ-S, Jerry's Jam-Slagbaai; CH- 
BC, Carl's Hill-Boca Cagon; and F-K, Forest-Kar- 
pata). Figures show means istandard error. 

sites than in reserves (Fig. 5c & d). These trends all point 
toward increased disturbance of  Bonaire's reefs frotn 
1991 to 1994, but with greater disturbance in dive sites 
than in reserves (Table 2, significant use X time interac- 
tions). 

Effects of Diving on  Fish Communities 

The larger-scale sampling of coral comtnunities con-
ducted in association with fish coutlts confirmed the 
findings of  the quadrat-based studies of coral community 
composition. Reef habitat in areas heavily used by divers 
was tnore disturbed than that in areas less well used, 
with significantly lower hard coral cover (three-factor 
ANOVA, p < 0.03), more gorgotlians ( p  < 0.05), and 
more sand ( p  < 0.01) in high use areas. 

Notwithstanding these differences in habitat, compari- 
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sons of  fish abundance in high- versus low-use areas 
showed a significant difference only for groupers (three- 
factor ANOVA, p < 0.04). The difference was small, 
however, with an average of  2.8 2 0.4 ( S E )  individuals 
per count in high-use and 4.2 ? 0.5 in low-use areas. 
When fish sizes were converted to biomass, there were 
no significant differences between areas of  different div- 
ing intensity for ally of the families exatnitled (Fig. 5). 
Nor w a s  there any significant difference in total number 
of species (all diurnal noncryptic species present) ob- 
served per count at either depth between high- and low- 
use areas. On average there were 33.4 ? 0.9 per count 
in high-use areas and 34.4 ? 1 .1  in low-use areas. 

Once again the fish study confirmed at a larger scale 
the differences in habitat detected between dive sites 
and reserves in the quadrat-based study. Reserves had 
significantly "higher quality" habitat than dived sites, 
particularly higher coral cover (three-factor ANOVA, p < 
0.004), greater structural con~plexity ( p < 0.001), and 
less sand ( p  < 0.001) and bare rock ( p  < 0.001). 

Given these habitat differences, it would be surprising 
not to find some differences in fish communities be- 
tween dive sites and reserves. There were significantly 
more snappers (three-way ANOVA, p < 0.003), surgeon- 
fishes ( p  < 0.003), and fish overall ( p  < 0.001) in re- 
serves than in dive sites. Contrary to the expectation 
that dive sites would have more predatory fishes (due to 
fish feeding), the biomass of predators was greatest in 
reserves (although not significantly so; Fig. 6). This was 
due almost entirely to higher abundance of yellowtail 
snapper (Ocyurus chrysurus) in reserves, an average of 
2.5 ? 0.7 kg of  snappers per count cotnpared with 1.1 2 
0.2 kg per count in dive sites. The biomass of  groupers 
was almost identical between reserves and dived sites, 
averaging 1.3 kg per count in both. 

Most o f  the difference between dived sites and re-
serves for surgeonfishes, and herbivores overall, arose 
frotn their much greater abundance at Boca Caiion re- 
serve than anywhere else (Fig. 6). Large amounts of algal- 
covered rubble, originating frotn a die-off o f  stagshorn 
coral (Acropora cervicornis) in the mid-1980s, provided 
abundant food for grazing herbivores at this site. Hence, 

Table 2. Significance ( pvalues) of three-factor ANOVA showing differe >nces in five attributes of coral communities in relation to use. 
crouo. and time. 

Coral diversity 

Number of coral species 

Percent coral cover' 

Percent massive coral cover' 


lise" 
(p) 

<0.01 
<0.01 
<0.01 
<0.01 

Percent branching coral cover' <0.01 

"Diue site oer.szrs reserlle site. 
" I991 zterssis 1994. 

Directiolz of effect 

dived > reserve 
dived > reserve 
dived < reserve 
dived < reserve 
dived > reserve 

~ivze" 
(p) 

<0.01 
<0.01 
<0.01 
<O.Oi 
<0.01 

Direction of eflect 

1991 < 1994 
1991 < 1994 
1991 > 1994 
1991 > 1994 
1991 < 1994 

GTO upc“' ~??teractions" 
(P) (PI 

11s 11s 
<0.01 use X time < 0.01 
<0.01 use X time < 0.01 
<0.01 use X time < 0.05 
<0.01 use X time < 0.01 

'Paired dioe-site a17d reserve g~,ozips colzsisted oj~erty's.~a~n-Slagbaai,Carl's Hill-Boca CnAo??, and Forest-Ka~pata 
('ns, not significant. 
rFig~iresforpe?.celztcoz,er ueve avcsil~e-sqsinve-1.oot-tmlzsfor??tedpriorto analj'sis. 
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80 1 

-Dived 
- - - - Reserve 

Figure 3. Changes i n  total coral cover between 1991 
and 1994 in high-use areas of dive sites (5-47 mfrom 
mooring buoy) andpaired reserve sites: square, Jerry's 
Jam -Slagbaai; circle, Carl's Hill-Boca Ca fion; and tri- 
angle, Forest-Karpata. Figures shozu means istan-
dard error. 

the difference in surgeonfish and herbivore numbers 
overall between reserve and dived sites is unlikely to 
have anything to do with diving or protection from it. 

There was a slight but significant difference in the to- 
tal number of fish species per count between dived and 
reserve sites, with an overall average of 33.9 ? 0.7 in 
dive sites and 34.9 f 0.9 in reserves. There was also a 
significant difference among groups, the Forest-Karpata 
group having higher species richness than the other two 
(Forest-Karpata, 36.7 f 0.8; Carl's Hill-Boca Cafion, 
33.8 t- 1.1; Jerry's Jam-Slagbaai, 32.7 t- 0.8). 

Discussion 

Our study provided a unique opportunity to examine 
the effects of scuba diving on coral reefs. We were able 
to compare dived and undived reefs that had been 
matched for similarity of ecological conditions prior to 
large-scale expansion of recreational diving. Several key 
points emerge. First, levels of damage to coral colonies 
were similar between high-use and low-use areas within 
dive sites and also between dive sites and undived re- 
serves. This suggests that diving at present intensities 
does little obvious physical damage to corals or that re- 
serves are subject to other sources of damage not occur- 
ring at dive sites. An elen~eilt of both explanations seems 
likely. Absolute levels of damage were much lower than 
on the more heavily dived reefs of Egypt and Israel, 
where around 10% of colonies were broken (Riegl & Ve-
limirov 1991; Hawkins & Roberts 1992b), and were sim- 
ilar to those of the less heavily dived Saba, where an av- 
erage of 2.8% of colonies were damaged (Hawkins et al. 
1993; Hawkins & Roberts 1997). This suggests that, 
based on measures of recent physical breakage, the Bo- 

-Dived 

Figure 4. Changes i n  coral communities between 
1991 and 1994 in  high-use areas of dive sites (5-47 m 

from mooring buoy) andpaired undived reserves: 
square, Jerry's Jam-Slagbaai; circle, Carl's Hill-Boca 
Cafion; and triangle, Forest-Karpata. Figures show 
means istandard error. Scales differ among graphs. 

naire reefs are in good condition. The lower coral cover 
and higher diversity close to moorings on the photo- 
quadrat study support the conclusion that high-use areas 
were subject to greater disturbance. Damage in reserve 
sites cannot be attributable to diving and is most likely 
caused by fishermen dropping their small, stone anchors 
in reserves when fishing some distance away in open 
water (park regulations allow boats <3.6 m to drop a 
small, stone anchor). Fisherinen do not tend to fish 
around dive sites, and dive boats are not allowed to drop 
anchors, so anchoring is a minor source of damage in 
dive sites. These small, stone anchors, although capable 
of breaking corals, cause nothing like the damage cre- 
ated by large, steel ones dropped by yachts and diving 
boats in the past. 

Second, we found marked differences in coral com- 
munity structure between dive sites and reserves, show- 
ing that divers can have effects other than breaking cor- 
als. Dixon et al. (1993) attributed lower coral cover at 
dive sites to anchoring prior to installation of mooring 
buoys in the early 1980s. They suggested that higher di- 
versity, lower coral cover, and a greater proportion of 
branching corals in dive sites were a consequence of past 
anchor damage opening up space by destroying some of 
the massive coral colonies that norinally dominate Bo- 
naire's reefs. These areas were in the process of being 
recolonized by new coral growth, especially the rapidly 
growing branching species such as Millepora spp. and 
Madracis mirabilis. The greater amount of space avail- 
able promoted species diversity as new colonies from a 
wide range of species settled and became established. 

The changes we detected between 1991 and 1994 
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Figure 5. Comparison of fish biomass between high- 
use (filled circles) and low-use (open circles) areas of 
dive sites. Figures show means istandard error. Pred- 
ators include all species of the families of groupers, 
snappers, and grunts. Herbivores include parrotfishes 
and surgeonfishes. Scales differ among graphs. 

show that over this period dive sites suffered no greater 
loss of coral cover than reserves and in fact fared rather 
better. A study by Bak and Nieuwland (1994) at a differ- 
ent reserve in Bonaire found a 44% loss of coral cover at 
10 m over the period 1973 to 1992, confirming the back- 
ground of stress detected by our study. Caribbean reefs 
have undergone several large-scale disturbailces in re- 
cent years. A mass die-off of Diadema sea urchins oc- 
curred in 1983 (Lessios 1988), which greatly increased 
reef algal biomass, inhibited new coral recruitment, and 
caused partial mortality of corals by overgrowth at the 
colony edges (Birkeland 1977; Steneck 1993; Stimson et 
al. 1996). There has also been growing problems with 
coral disease outbreaks and coral bleaching episodes, 
several of which have affected the principal massive 
coral species, Montastraea annularis (Woodley et al. 
1997). These agents may well have contributed to the 
loss of cover we detected. 

Decline in the proportion of old, massive corals, 
equivalent to climax vegetation in a forest, coupled with 
increases in the proportion of branching corals, equiva- 
lent to weedy, opportunistic species, at both dive sites 
and reserves indicate that Bonaire's reefs are subject to 
continuing disturbance. Changes in coral communities 
were much greater at dive sites, suggesting that diving 
exacerbates the effect of background stress and is caus- 
ing a change in the character of Bonaire's reefs. One 
possible mechanism for the greater loss of massive colo- 
nies at dive sites may be linked to the higher frequencies 
of tissue damage (abrasion) due to divers. Coral diseases 
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Figure 6 Comparison of fish biomass between dive 
sites (filled circles) and reserves (open circles) (JJ-S, 
Jerry's Jam-Slagbaai; CH-BC, Carl's Hill-Boca Caeon; 
and F-K, Forest - Karpata). Figures show means i 
standard error. Predators include all species of the 
families of groupers, snappers, and grunts. Herbivores 
include parrotfishes and surgeonfishes. Scales differ 
among graphs. 

affecting Bonaire's reefs at the time of the study were 
mainly infections of massive colonies, including white- 
band disease, yellow-band disease, and white plague 
(K.D.M., personal observations). Several studies have 
linked disease infection to tissue lesions in corals (re- 
viewed in Peters 1997), and diver damage could have in- 
creased the susceptibility of colonies in dive sites to in- 
fection. In this way, seemingly insignificant, sublethal 
damage from divers bumping into corals could lead to 
the eventual death of large, physically robust colonies 
hundreds of years old. It has often been suggested that 
different stresses act synergistically to cause greater 
damage to reefs. Connell (1997) recently showed that 
recovery from storm damage was much slower for reefs 
subjected to other stresses than for unaffected reefs. We 
have shown that reefs subject to diving stress have 
shifted to a more disturbance-tolerant coral community 
than those subject only to the background stresses of 
sea urchin die-off and coral disease. 

The fact that diving is indirectly causing a serious loss 
of large, long-lived colonies is reason for concern. One 
reason these reefs may be particularly vulnerable to 
damage from diving is that Bonaire isn't in a hurricane 
belt. Lack of periodic disturbance by storms has enabled 
the massive corals to dominate the reefs, forming what 
might be considered a climax community. In places sub- 
ject to higher levels of environmental disturbance, such 
as the Florida Keys, which are regularly affected by hur- 
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ricanes (Shinn 1976), coral communities may have a 
higher proportion of disturbance-tolerant species, and 
ecological changes due to diving disturbance may be 
less marked. What is a concern about the loss of massive 
coral cover revealed by our study is the finding that 
divers affect the coral without physically breaking them. 
It was previously thought that reefs dominated by mas- 
sive corals were the most resistant to the effects of div- 
ing and so could be targeted as high-intensity dive sites 
(Hawkins & Roberts 1992b). This management recom- 
mendation must be reconsidered. 

Based on our findings, how should reef management 
change? With regard to fish communities our findings 
suggest that, at these intensities, diving has no adverse 
effects. There was no evidence that populations of pred- 
atory fishes had increased disproportionately at dived 
sites compared to reserves. The differences detected 
among dived and reserve sites are attributable mainly to 
habitat differences, such as the generally higher coral 
cover and greater structural complexity in reserves than 
in dived sites. Despite the habitat differences, both 
dived and reserve sites supported thriving fish commu- 
nities with similar numbers of species. This suggests that 
fish feeding need be regulated only if divers are at-
tacked, which was beginning to happen before fish 
feeding was limited to dive guides only, or if the water 
becomes polluted by food (as in the enclosed Hanauma 
Bay, Hawaii, where hundreds of tourists were daily feed- 
ing bags of peas to fish (Wells & Hanna 1992). Sweat- 
man (1996) suggests that if feeding is allowed divers 
should be permitted to offer only proper fish food rather 
than human food. 

With regard to coral communities, previous studies 
have shown significant loss of coral cover and high fre- 
quencies of colony damage at diving intensities greater 
than approximately 5000-6000 dives per site per year 
(Riegl & Velimirov 1991; Prior et al. 1995; Hawkins & 
Roberts 1997). If maintenance of coral cover alone is the 
objective of management, then diving at intensities be- 
low 6000 dives per site per year should not be consid- 
ered harmful (although the negative impacts of land- 
based tourist developments may be; Hawkins & Roberts 
1997; Price et al. 1998). Scuba diving at these intensities 
may even increase coral diversity, as in this study. If 
maintaining the character of reefs is the goal, however, 
then allowable diving pressure may be considerably less, 
especially in places subject to additional stresses or 
where low levels of natural disturbance have allowed 
the development of coral communities dominated by 
old, massive corals. I11 Bonaire the higher coral diversity 
in dived sites can hardly be considered a beneficial ef- 
fect of diving, given that the ancient corals are being re- 
placed by short-lived, weedy species. It is important that 
such considerations be taken into account in projects 
aiming to develop tourism as an alternative to other eco- 
nomic uses of coral reefs. 
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